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Los Alamos, New Mexico 87544
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This paper describes the implementation of a battery’' iel-cell-pow-
ered golf cart test bed designed to verify computer sim: .jons and to
gain operatiunal experience with a fuel cc¢11 in a vehicular environment.
A technicaily untrained driver can easily operate the golf cart because
the wolor and fuel cell controllers automatically sease and exccut2 the
appropriate on/ufi sequencing, A veltaje imbalance c¢ircuit and a throt-
Lle cumprese circuit were develaped that are directly applicakle to elec-

Lric vchicles in general,

Bachground

Because of its inherently high effacieoncy and low emissions, the
frol coll representy an appealing Lechnology for application as an aulo-
metfve power plant,  Developments  stemming from space, military, and
utility applications have brought Lhe technology to the leyel that fuel
celbs must be seriously connidered for application in vehicles,  Other
assely o of the fuel cotl e that it is not dependent upon petroleom-
devive fueds for ity souree of enorqgy, 1L can carry sutficient fuel

(enerqy) on board Lo provide  Tong-range operation similar Lo Loday's
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internal-combustion-engina vehicle. Also, 1its efficiency does not

de rease at low loads.

A recent paper (IECEC, August 1979) has described the resuits of
a detailed economic study in which several vehicular applications for
fuel cells were evaluated. Another paper (SAE, February 1980) has de-
scribed the systems' consideratiois in properly sizing and matching the
fuel cell and other components to the vehicle. A system configuration
feund very promising ir thesc papers is a fuel cell in parallel with
batteries. The batteries will meet peak pcwer requirements and the fuel

cell will provide cruise power and »o:hirge the hattorier,

This paper will describe the actual implementalion of a battery/
fuel-cell-powered golf cart. Emphasis will be on hardware and the actual

subsystem design of an operational system.

Purpose

The golf cart shown in Figure 1 is primarily a test bed, designoed
to contribule Lo the verification of LASL's vehicle simulation program
and te qain operalional experience wilh the fuel cell in a vehicular
environment., A golf carl was selectee as Lthe mobile test bed because
of the avaliability of an extstino fuel cell stark designed and deve loped
for the Llectirochemical Division of  Lthe  Army's Mobilily [Fyuijpment

Ponearch and Lovelopment Command (MLRADGOM) a* FL. Belvoir, Virginia
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No fuel cell is currantly available that was specifically designed for

a vehicular application.

The golf cart will help provide the experience necessary to develop
and evaluate subsystems for ihe fuel cell peculiar to vehicle application
and will provide base-line data to better cefine what attributes a first-

generation vehicular fuel cell should have.

The Fuel Ceil

The fuel cell installed in the golf carl is an air-cooled, 80-cell,
2-kW, phosphoric acid unit purchased from Energy Research Corporation
(ERC).  This fuei cell is a copy of a Tight-weight energy plant developed
for the Army for purtable power generation with no special emphasis given
to potential vehicular applicalions. Howover, it is representative of

the current Tevel of development of phosphoric acid fuel cell Lechniiogy.

The phouphoric acid fuel cell aw technologicaily more advancod than
Lhe other types of fuel cells (solid electrolyte, alkaline, molten carbo-
nate, saolid polvmer electrolyte) as a rcesult of Department of Ercergy
(hot) and Llectrie pPower Research Institule (TPRI) emphasis on utility
power  qenerablion and MERADCOM's  portable power plant programs  during
Lhe past few yoars, Alvo, Lthe operating femperature range of  1H0Y
too 2o o g Lhis syslem in comparable Lo the range requirved hy o
steaned methano] roformer (a0 device Tor converting melhyl alcohal to

hyvespng to beomore fully diccwed in the Last section), thus allowing
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for the eventual utilization of thermal f2erdback techniques to increase

system efficiency.

Stacx Construction

The mechanical construction of the phosphoric acid fuel cell is
rotliuaTy givnils aed e thevn€aer vraeahis oy mass oroductien,  Figure
2 shows a nominal 48-V stack assembly similar to that used on the golf
cart, It consisis of 80 cells. Each cell in turn consists of three
key components -- the electrodes, the matrix, and the bipular plates.
Figure 3 shows the components for a 2" x 2" cell assembly to illusirate
the assombly. The electrodes (not shown) consist of a thin layer of
catalyst laminated to a thin high-porosity graphite pa; :r impregnated
with teflon to reduce wetting. The anade (nydrogen eiectrodz) is impreg-
nated with approximataly 0.25 g/ft? of platinum catalyst and the eitu-
od: fovvien electrode) s  impregnated witn approximately 0.5 g/fte
for a tutal platinum loadinag of approximatei. 0.7% g/ftd por enll,
At these loadings the cell current density is 100 A/Tt? at 0.6 vV for
a nomiral power density of 60 W/Ft?.  The 4" x 15" cleclrodes in the
#-kW stack have an offecLive area of 0.4 £17 for a noninal current
donsity of 40 A/IL7, Figure 4 shows a polarization curve (voltage

ve cureent) for e U= tuel oedl o sback,

The phonelic resin miteiv is sidwiched belwoen the two electrode.

ind "hald-" the phosphoric actd electrolyle similar o a blotter, Notlooe
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that the acid is not contained in a reservoir and thus is not going to

slosh around or run all over everything in an accident,

The compression-molded bipolar plates ar» formed from a mixture
of araphite (for good conduct./ity) and thermosetting resin powder. The
plates are grooved to provide channels for directing the fuel and air
fiow. They are placed adjacent to the anode and cathode with the grooves
at right angles to each other. The air bipolar plates are normally ori-
ented such that the flow is acrnss the smaller dimension of the silack
to minimize the pressure drop to enhance air 1vlow for cooling and oxyg.:n
supply. Note that Lhe carbon plates are conductive and thereiore pr. fe
the path for interconrecting the individuai cells in series from positive
to ncgative electrode. The stack voltage 1s therefore the swmmation
of the individual cells. The stack is assembled with a dry matrix be-
twcen the anode and cathode, whirch is later wicked with phosphoric acld.
Current cnllectors with terminals are added at each end of the stack
to provide a means for externally connecting a load.  Figure § shous
the basier stack assembly after it is filled with (he gas manifolding,
Resistive heaters are placed adjaceal Lo Lthe stack assembly to provide
a means tor extorrally heo ing a cold stack up Lo operaling temporatire
before a load Is comecind,  Finally, the enlire aswsembly is wrappoed
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Configuration

The golf cart configuration shown in Figure 6 has all of the major
propulsion components that a full-sized vehicle might have wiii tne ex-
ception that it does not have a transmission. OQur computer simulations,
however, indicate that a propulsion system and drive train designed spe-
cifically for an electric vehicle may benefit in performance without
the weight penalty of the standard transmission. A light-weight, two-
specd transmission designed for metropolitan and highway driving may

also be better than a heavier four-speed transmission.

The golf cart's 2-kW fuel cell can be fueled bty either reformed
methanol (refer to last section for a more detailed discussion of reform-
ers) or hydrogen; currently hydrogen is used and is stoced in aluminum
scubo tanks mounted on the rear of the vehicle. The batteries are four
12-V SGL 27 decp-cycle traction batteries. These batteries, which total
4 kWh (20-h rate), allow separate testing in the all-battery mode. They

iay be charged via an external charger when operating in this mode.

The fuel cell and batteries are coupled together through a diode,
which prevents the battery from forcing current through the fuel cell
in Lthe reverse direction. The fuel cell/battory parallel combination
will share the load current in a natuiral fashion according Lo their indi-
vidual polarization curves, The =AW fuel cell poiarization curve shown
in Figure 4 1s again shown in Figure 7 superimposed over a sel of polari-

zalion curves plotted from data Ltaken on the golf carl's traction
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batteries for 100%, 50%, and 25% state of charge. It can be seen that
for no motor load current demand, the fuel cell voltage is greater than
the battery voltage. Thus, the fuel cell will charge the batteries,
if necessary, and supply auxiliary load current. As the motor load in-
creases, the lower impedance batteries will cause the batteries to begin
to contribute an increasingly higher proportion of current to the load.
The dynamics of this automatic load sharing will, of course, depend upon
the battery pack's capecity and state of charge. However, with careful
design, this approach appears to be a simple and effective means to ac-

complish load sharing.

The motor is a 4-hp General Electric series-wound a- motor. This
particular fuel cell, battery, and motor combination is capable of pear
power outputs over 15 hp. This motor is larger than the normal golf
cart motor and was used so that the fuel cell/battery power source can
be stressed (through the use of load sleds, if necessary). The original
resistive controller that came with the golf cart was replaced by a
Sevcon chopper controller large erough to supply power to a full-sized
car. This controller has an adjustable current limit up to an averaye
of 300 A, an adjustable acccleration response, and the logic for qualify-
ing bypass (disconnecting the chopper and coniecting the molor direct-
ly across the power source). Bypass i5 enabled approximately one secon:!
after Lhe throttle is fully depressed and when Lhe chopper duty cycle
reaches approximately 80%. A safetly feaiure, which causes the forwanrd

an:d reverse relays to open, thus disconnecting power Lo Lthe motor i
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the bypass relay doesn't open when the throttle is backed off from full
throttle, 1s built into the bypass logic.

Fuel Cell Control

The three main objectives of the fuel cell control system shown
in Figure 8 are to meter the hydrogen flov to the stack as a function
of stack output current, to minimize operator interactions for fuel
cell start up, and to automatically shut down the fuel cell when it 1is
turned off. There is a twofold purpose to minimizing operator interac-
tion. The first is 10 demonstrate that a fuel cell vehicle can be simpla
to drive., Th2 second is tn mirimize the potential for human error and

perhaps irreparable damage to the fuel cell.

Fuel Flow Control

The amount of hydrogen required by the fuel cell stack is directly
propartional to the stack's output current., It is appropriate, then,
to meter the hydrogen flow rate to the stack as proportional to its out-
put current, This demand type of control system is implementeu in the
anlf cart by measuring the fuel cell currenl through a shunt in the nega-
tive lead. The voltage dvop measured across the shunl is converted to
an octally encoded digital slignal thalt contruls one or more of ihree
solenold actuated valves connecled in parallel,  Each valve is uniquely
calibrated Lo allow a flow rate of hydrogen corresponding to 10, 20,

or 40 A of stack outpul current.  Thas, Lhe "10-A solenoid® turns on
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for load currents up to 10 A, the "20-A solenoid" turrs on for load cur-
rents betwecn 10 and 20 A, and both the “10- and 20-A" solenoids turn
on for loa: currents between 20 and 30 A, etc. To provide for additional
cooling at higher 1load currents, an auxiliary fan located in front of
the air intake blower automatically turns on when the "40-A solenoid"

is energized.

211 reversal is a potentially damaging condition in fuel cells,
as it is 1in conventional batteries, and may result from inadequate fuel
being provided to a section of the fuel cell stack. During normal
operation, twenty percent excess hydrsgen is run through the stack te
compansate for possible localized deficiencies in fuel distribution
within the stack plates. If the hydrogen pressure drops below 45 psi,
the fuel cell system will autcmatically cshut down and indicate a "low

fual" condition,

To insure that the fuel cell is not loaded under « cell ieversal
condition, should one occur duc to a faiiure in the fuel control system,
a voltaqe imbalance sersing c¢ircuit was developed to continuously moni-
ter the stack for a possible cell reversal. By comparing the voltages
hetween  adjacent 10-cel1l substacks, imbalances between substacks are
detected,  When the diffirence exceeds 0.6 V (an indicalion of reversal)
the tuel 011 5 automabically shul dean and disengaged from the lo.ad,
A modificalion of this circuit can be used in a battery electric vehicle
(by cumparing each batlery in the string) Lo detecl a battery reversal

and  Lhereby  reduce  the possibility of  a  serious  accident,
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Fuel Cell Start-Up

When the stack temperature is within its operating range, the fuel
cell turn-on sequence can be fnitiated after the stack intake and exhaust
doors eare opened to insure an adequate supply of oxygen and cooling air.
The automatic turn-on sequence consists' c¢f turning cn the intake air
blower ard than opening the hydrogen exhaust solenoid. This insures
that the 50 psi line pressure is not inadvartentiy Jropped across the
stack due to solenoid timing, thus damaging the matrix. A three inches
of water pressure relief valve is connected acrocs the stack input and
output to protect the stack from excessive pressures in the event that
a solenoid fails to open or if there is any other restriction. After
approximately one second, the intake and metering solenoids open for
approximateiy four seconds to gnarantee that the hydrogen electrodes
are well supplied with hydrogen. The three metering valves and the fuel
cell load contactor close to parallel the fuel cell with the battery.
The *uel control system now becomes active since the stack will bc sup-
plying current to the auxiliary loads and will also be charging the bat-

tories, if necessary.
Fuel Cell Shutdown
An automatic fuel ccll shuldown seqience is initiated when eithoer

the ignition key is turnnd off or when a fuel cell condition such as

excessive temperature or current, cell reversal, or loss of hydrogon
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is sensed. Such conditions might result in irrever ible fuel cell degra-
c¢-..on, should the load remain on the cell. The shutdown sequence be-
gins by first opening the fuel cell contactor to remove the load from
the stack. Then the intake and metering solenoids are closed. The in-
take blower continues to circulate air through the stack and the exhaust
solennid remains open for a short time to "purge" the stack of excess
hydrogen. If the fuel cell sysitem is going to remain off for any lenath
of time, the intake and exhaust doors are manually closed. The clo: :
of these doors and the intake and exhaust solenoids seals oif thc stack
from the ambient air to minimize the take up of water by tk: phusphoric
acid electrolyle during storage. When the shutdown i3 for fuel cell pro-
testive reasons, the batteries remain connected to the motor and the

cart remains operable.

Throttle Compress Operation

There are occasions when a complete shutdown would not we necessay
or desirable if relief could be given Lo the stressed subsystem by reduc-
ing the fue) cell load, thereby returning its operation to within its
normal limits, A "Lhrottle compress” circuil was designed thal can moni-
tor a number of wvariables within the system and then, in closed-loop
farhion, compress Lhe output of the speed control as these variables
pasty  through unace eptable Lhresholds.  0f particular interest In the
ftuel cell vehicle are tuei cell current and Ltemperature,  As Lhe houndar-
fes of normal operation are exceodwd, Lthe galn of Lhe throttle 1s simply

decroaned until  aceeplable operating conditions  are achivved, Thus,
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continued operation can be achieved under potentially marginal condi-
tions, such as a long, steep hill on a not day. The inputs to the throt-
tie compress can be derived from any stress indicator in the system.
In battzry electric vehicles, motor and battery temperature and current

can be incorporated in the loop.

Status

The golf cart has operated smoothly and reliably through the initial
check-out tests. To date, the fuel cell system has been cycled from
room to operating temperature approxima‘ely 40 times and driven for a

tota® of 20 hours without any apparent performance doqradation,

Because the fuel cull is in raraliel wilh the batteries, the propor-
tion of fucl cell curcent contribwited Lo the motor load current is due-
pendent upon the voltage vs current characteristics of cach source in

rciation to Lthe load requirements of the sysiem.

The dual trace strip chart curves shown in Figure 9 were taken from
the golf cort Lo show the relative contribution of fuel cell current
to the tolal woter cureenl demand.  (The lower curve is slightly lert
Justified Lo allow the recording pens Lo crony one another,) These curyes,
ciemr ly show that Lhe fuel cell tranvient rvesponse for full theott loe
b quite good and that the fuel coll i charging the batteries when there
in noomotor Toad carvent deeand, Notiee how efteclively load sharing

v woampltished with a single diode contro!: under peak condition the
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current io the motor is over 300 A, but the fuel cell is only required

to put out 50 A.

Reformer

The golf cart now carries hydrogen gas stored in aluminum scuba
tanks. This represents a serious weight and volume penalty per energy
stored. Methanol has a much better energy »-weighl ratio, being roushly
half that of gasnline, and can be steam reformed to produce hydrogen

and carbhon dioxide according to the chemical equation

CH,OH + 1,0 - 3H

3 2 + CO

? 2°

We will soon have the opportunity to work with a ?2-kW reformer (lig-
are 10), Lhroungh the courtesy of the U. S. Army MLRADCOM, to develop an
In-depth understanding of its operat: .n and the varlabies that affect
ite per’ormae o, This roformer consists of a vaporizer, a super heater,
and a reactor. A Tigquud wixtare of 42% by weight mcbthanol and 8% watoer
(1:1.3 molar concentration) enters Lhe rcformer amnd is vaporized to a
qas 4 U flows through the fepet tubes by extracting heat from the waste
tlue oxhaust,  Txcess hydrogen fuel exiting the fuel cell s returned
Lo Lthe reformer and burned to super heat Lhe methane, /water vapor to
appraximately 1800 €0 The supor-healad fuel {5 then pasaad over a cata-
lyst bed of stabiliced sinc and copper oxbdes (United Catalyst Gondtiv.
or 1-2130) 0 whith breaks down the mebhanol/water misture Lo prodoce o

maist fuel cell feod gas mivture of hydeogen and carbon diogde,
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Even though methanol reformation 1s not a ne. process, we are not
cware of 1{ts being integrated into a vehicle. Therefore, as we gain
experience with the reformer, we will be designing a fuel control system
based on a methanol reformer fucl feed demand system rather than a stored

hydrogen fuel feed.



FUEL-CELL-POWERED GOLF CART -15-

Figqure 1 - Los Alamos National Scientific Laboratory fuel-celi/battery-
powered golf cart.

N
]

Figure 2-kW, 48-V fuel cell stack.

w
1

Figure Small disassembled fuel cell.
Figure 4 - 2-kW iuel cell pclarization curve.

2-kW fuel cell stack with manifolding.

(&)
1

Figure
Figure o - Golf cart propulsiorn and drivetrain system block diagram.
Figure 7 - Golf carl fuel cell stack and battery polarization curves.
Figure 8 - Fuel cell control system block diagram.

Figura 9 - Fuel cell current vs total current for golf cart.

Figure 10 - ?-kW steamed methanol reiyrmer (about! 30-cm high).
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FUEL CELL CONTROL BLOCK DIAGRAM
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